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Electroexcitation of nucleon resonances at Q2 = 0.65 (GeV/c)2
from a combined analysis of single- and double-pion electroproduction data
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Data on single- and double-charged pion electroproduction off protons are successfully described
in the second and third nucleon resonance regions with common N∗ photocouplings. The analy-
sis was carried out using separate isobar models for both reactions. From the combined analysis
of two exclusive channels, the γ∗p → N∗+ helicity amplitudes are obtained for the resonances
P11(1440), D13(1520), S31(1620), S11(1650), F15(1680), D33(1700), D13(1700), and P13(1720) at
Q2 = 0.65 (GeV/c)2.
PACS numbers: PACS number(s): 13.40.Gp, 13.60.Le, 14.20.Gk
I. INTRODUCTION
Our knowledge of electromagnetic excitations of nu-
cleon resonances is mostly given by single-pion photo-
and electroproduction experiments [1]. The only excep-
tion is the S11(1535) resonance, which is strongly re-
vealed in photo- and electroproduction of η and is well
investigated in these processes (see, for example, Refs.
[2, 3, 4, 5, 6, 7, 8, 9]). Although with increasing masses,
the couplings of the resonances to multi-pion channels
become increasingly significant, and for many resonances
dominant, the scarcity of experimental data made it im-
possible to investigate properties of nucleon resonances
in the photo-and electroproduction reactions with final
states different from piN and ηN .
The situation changed recently, when precise measure-
ments of single- and double-pion electroproduction were
carried out at Jefferson Lab with the CEBAF Large Ac-
ceptance Spectrometer (CLAS). In double-charged pion
electroproduction on protons, the pi+p, pi−p, pi+pi− in-
variant mass distributions, c.m.s. pi− angular distri-
butions, and total cross sections were obtained in the
second, third, and partly fourth resonance regions at
Q2 from 0.5 to 1.5 (GeV/c)2 [10, 11]. At these Q2,
the CLAS measurements of single pion electroproduction
on protons include differential cross sections and polar-
ized beam asymmetries for pi0 and pi+ electroproduction
[11, 12, 13, 14, 15]. Complemented with older DESY and
NINA data [16, 17, 18, 19, 20], pi0 and pi+ cross sections
extend from threshold to the third resonance region. Po-
larized beam asymmetry measurements cover first and
second resonance regions.
Using these measurements, we have carried out a com-
bined analysis of single- and double-pion electroproduc-
tion data at Q2 = 0.65 (GeV/c)2 in the second and third
resonance regions. For this kinematics, the most com-
plete set of data for the two channels is available. In this
paper, we report on the results of this analysis, which
was carried out using independent isobar models for each
channel, but with common N∗ photocouplings.
Reliable description of non-resonant mechanisms, as
well as separation of resonant and background contri-
butions represent fundamental problems in N∗ studies.
Presently, non-resonant processes can be treated only at
a phenomenological level. Reliability of background de-
scription and resonance/background separation can be
put to the test in combined analyses of major exclu-
sive channels. Single- and double-pion channels in me-
son photo- and electroproduction account for almost 90%
of the total cross section in the N∗ excitation region.
In addition, these production channels have completely
different backgrounds. A successful description of these
channels combined would confirm the reliability of the
background description and resonance/background sepa-
ration. Therefore, this way we expect to obtain the most
accurate values for N∗ photocouplings with considerably
reduced model uncertainties arising from the phenomeno-
logical separation of resonances and background.
The analysis of two exclusive channels of pion electro-
production on protons has been performed within isobar
models which are presented in Section 2. The analysis
and the results are presented in Section 3. In this sec-
tion, we will demonstrate that the two main exclusive
channels can be described with the same values of N∗
photocouplings for the resonances from the second and
third resonance regions. The sets of the γ∗p → N∗+
helicity amplitudes will be found that give minimal χ2
values, fitting single- and double-pion electroproduction
data simultaneously. The conclusions are presented in
Section 4.
II. THE ANALYSIS TOOLS
A. Single pion electroproduction
The analysis of single pion electroproduction data has
been performed within the isobar model presented in
Refs. [8, 21]. In Ref. [21], this model was suc-
cessfully used to describe multipole amplitudes of the
GWU(VPI) [22, 23] partial-wave analysis of pi photopro-
duction data. It was also successfully used for the anal-
2ysis of CLAS data on pi electroproduction at Q2 = 0.4
and 0.65 (GeV/c)2 [8]. The model consists of resonance
contributions parametrized in the Breit-Wigner form and
non-resonance background built from the Born term (the
s and u channel nucleon exchanges and t channel pi con-
tribution) and the t channel ρ and ω contributions. The
background is unitarized in theK-matrix approximation.
With increasing energy, the background transforms into
the amplitudes in the Regge pole regime. In the present
analysis the background was fixed in the way described
in Ref. [8], where at Q2 = 0.65 (GeV/c)2 the analysis of
the same data was done, focusing on the N∗ mass region
below 1.54 GeV .
B. Double-pion electroproduction
The analysis of two-pion electroproduction data was
performed within the JLAB-MSU (Jefferson Lab -
Moscow State University) isobar model [24]. It incor-
porates significant improvements over the approach of
Refs. [25, 26], which was used in the analysis of CLAS
2pi electroproduction data in Ref. [10].
In the initial version of the isobar model [25, 26],
double-charged-pion production was described by super-
position of the following quasi-two-body channels with
formation and subsequent decay of unstable particles in
the intermediate states:
γp→ pi−∆++ → pi−pi+p, (1)
γp→ pi+∆0 → pi+pi−p, (2)
γp→ ρ0p→ pi+pi−p. (3)
Remaining (residual) mechanisms were parametrized as
3-body phase space with the amplitude fitted to the data.
This amplitude was a function of photon virtuality Q2
and the invariant mass of final hadronic system W only.
In this approach, we were able to reproduce the main
features of integrated cross sections, as well as invariant
masses Mpi+pi− , Mpi+p of pi
+pi−, pi+p systems, and pi−
angular distributions.
The data on pi−p invariant mass distributions revealed
evidence for the new isobar channel [24]:
γp→ pi+D013(1520)→ pi
+pi−p. (4)
This mechanism allows us to describe an excess of
strength measured in the pi−p invariant mass distribu-
tions with respect to those calculated in the initial ver-
sion of the JLAB-MSU model. This extra strength in
the data, located around 1.52 GeV in pi−p invariant mass
distributions, was clearly seen for all measured W bins
kinematically allowed for the reaction (4). The produc-
tion amplitudes for the first three quasi-two-body mech-
anisms (1-3) were treated as sums of N∗ excitations in
the s-channel and non-resonant mechanisms described in
Refs. [25, 26]. The quasi-two-body mechanism (4) was
entirely treated as a non-resonant process [24]. In reac-
tions (1-3), all well established 4-star resonances with ob-
served decays to the two-pion final states were included as
well as the 3-star statesD13(1700), P11(1710), P33(1600).
For the latter state a 1.67 GeV mass was obtained in
our fit. This value is in agreement with the results of
recent analyses of the piN scattering experiments [27].
The electromagnetic couplings for the γp → N∗+ ver-
tices were fitted to the data. Hadronic coupling con-
stants for N∗ → pi∆ and ρp decays were taken from the
analyses of experiments with hadronic probes in the way
described in Ref. [25]. The hadronic parameters for a
possible new baryon state 3/2+(1720), which has mani-
fested itself in the CLAS 2pi photo- and electroproduction
data [10, 28], were determined from a fit to the electro-
production data. The hadronic couplings for P13(1720),
D13(1700), P33(1600) were also found from fits to the
CLAS 2pi electroproduction data.
In the improved JLAB-MSU model, we have also mod-
ified the contribution from residual mechanisms. While
the initial version of the model succeeded in reproducing
pi+pi−, pi+p mass distributions, it had shortcomings in
the description of the c.m. pi− angular distributions at
low W (dashed lines in Fig. 1). The 3-body phase space
description of residual mechanisms was replaced by the
set of exchange terms shown in Fig. 2. This allowed a
better description of the pi− angular distributions (solid
lines in Fig. 1) in the entire Q2 range covered by CLAS
measurements.
The amplitudes of mechanisms shown in Fig. 2 were
parametrized in the Lorentz invariant form as follows:
A(W,Q2)
[
εγµU¯p′γ
µUp
]
(P1P2)e
b(P 2µ−P 2µ,min), (5)
where εγµ is the photon vector, Up, U¯p′ are the spinors for
the initial and final protons, P 2µ is the square of the 4-
momentum transfer in the exchange process, and P 2µ,min
is the minimal allowed value of this quantity. In Eq.
(5), we have introduced the scalar product of four mo-
menta (P1P2) for the pairs of particles produced in the
diagram vertices; this allowed us to reproduce the shapes
of the corresponding invariant mass distributions. Fol-
lowing the diffractive ansatz, successfully used for the de-
scription of vector meson photo- and electroproduction,
we have parametrized the propagators in the exchange
diagrams shown in Fig. 2 as exponential functions of
P 2µ − P
2
µ,min. Parameter b is the constant value found
from the fit to the data. The overall strength for each
exchange mechanism was adjusted to the data. We re-
quired smooth, structureless behavior of cross-sections
from these mechanisms as a function of W. The sub-
processes with pi− in lower vertices of the Fig. 2 diagrams
create backward peaks in the pi− angular distributions.
These are mechanisms which allowed us to reproduce an-
gular distributions at backward angles in the entire kine-
matics region covered by the CLAS measurements. The
sub-processes with pi− in the upper vertices were neces-
sary to provide good description of mass distributions, as
well as of the pi− angular distributions at forward angles
at W ≥ 1.7GeV .
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FIG. 1: CLAS 2pi electroproduction data [10] in comparison with the results of the fits within the initial (dashed lines) and
improved (solid lines) JLAB-MSU model. W=1.49 GeV, Q2=0.65 (GeV/c)2.
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FIG. 2: Exchange background mechanisms for 2pi production,
implemented in improved JLAB-MSU model.
With the improved JLAB-MSU model, a much better
description of the data was obtained.
III. THE ANALYSIS AND RESULTS
The database for single-pion electroproduction in-
cludes both recent CLAS and older NINA and DESY
data on protons, in particular:
(a) the CLAS data on pi0 cross sections (W = 1.1 −
1.52 GeV , Ee = 1.645 GeV and W = 1.1 − 1.68 GeV ,
Ee = 2.445 GeV ) [12], pi
+ cross sections (W = 1.1 −
1.41GeV ) [13], and polarized beam asymmetry in pi0 and
pi+ electroproduction (W = 1.1− 1.58 GeV ) [14, 15];
(b) the DESY and NINA data on pi0 and pi+ differential
cross sections at W = 1.4− 1.78 GeV [16, 17, 18, 19, 20].
Therefore, the data used in the analysis of single-pion
electroproduction include first, second, and third reso-
nance regions. The data in the third resonance region
consist of CLAS data on pi0 differential cross sections,
and the DESY and NINA data which, unlike CLAS mea-
surements with full angular coverage, extend mostly over
limited ranges of angles. 9870 data points were analyzed
in the one-pion channel.
The two-pion electroproduction data are all from
CLAS. They cover the W-range from 1.4 to 1.9 GeV, and
are composed of 20 W-bins with 0.025 GeV bin width.
Each bin contains data on pi+pi−, pi+p, pi−p invariant
mass (8 points for each cross-section) and pi− angular
distributions (10 points). Overall 680 data points were
fitted.
In the analysis we have taken into account all 4 and
3 star resonances from the second and third resonance
regions. The parameters of these resonances are listed in
4Table 1. Along with the ranges taken from RPP [29], we
have presented the values of masses and widths used in
the fits; these values were fixed. We have also presented
the values of branching ratios used for extraction of helic-
ity amplitudes for the γ∗N → N∗ transitions. At Q2 = 0,
the couplings of the resonances P33(1600), D15(1675) and
P11(1710) to γN are small. Our analysis showed that
these resonances have minor contributions to the reso-
nant electroproduction cross sections. By this reason,
the states P33(1600), D15(1675) and P11(1710) are not
listed in Table 1. The photocouplings of the P11(1710)
were taken equal to 0, since any significant contribution
from this state spoiled the shapes of pi+pi− mass distribu-
tions in 2pi electroproduction data. The absolute values
of the helicity amplitudes for the γ∗p → P+33(1600) and
γ∗N → D+15(1675) transitions obtained in our analysis
were below 0.02 GeV −1/2. The S11(1535) resonance has
small branching ratio to the pipiN channel; it was included
only in the analysis of single-pion electroproduction data.
In that analysis, we have also included the P33(1232) res-
onance; its parameters were fixed according to the results
obtained in Ref. [8].
The combined analysis of pi and 2pi electroproduction
data was made in several steps which are presented be-
low.
A. Step 1
We started with the description of single-pion electro-
production data. The observables mentioned above were
evaluated within the framework of the unitary isobar
model [8, 21]. The helicity amplitudes for the γ∗p→ N∗+
transitions were the only free parameters fitted to the
data. The parameters of the model related to the back-
ground (Born term and ρ and ω contributions) were fixed
according to Ref. [8]. Masses, widths and piN branching
ratios of the resonances were fixed at the values given in
Table 1. Values of photocouplings and their uncertainties
were obtained via minimization of χ2 over all data points
using the MINUIT package [30]. The obtained results
are presented in Table 2 in the columns corresponding
to ”1pi analysis”. The value of χ2/(data points) over all
data was 1.19. The quoted errors are the fit uncertainties
corresponding to the global χ2 minimum.
The results for the resonances P11(1440), D13(1520)
listed in Table 2, and for the S11(1535), coincide with
those obtained in Ref. [8], where at Q2 = 0.65 (GeV/c)2
the analysis of the same data was done.
B. Step 2
Further, taking into account the results of the
”1pi analysis”, the 2pi electroproduction data [10] were
analyzed within the framework of the improved JLAB-
MSU model. The transverse electroexcitation helicity
amplitudes pA1/2, pA3/2 for the resonances with M <
1.7 GeV were varied around the values, obtained in step
1, because these resonances have large branching ratios to
the piN channel, and therefore, their amplitudes found in
step 1 are good starting values for the 2pi electroproduc-
tion data fit. The only exception is the amplitude pA1/2
for the P11(1440), as its values found in Ref. [8] using
different approaches (isobar model and dispersion rela-
tions) were significantly different. In our analysis of 2pi
electroproduction data, this amplitude was varied inside
the range which overlapped the values reported in Ref.
[8]. For the resonances with M ≥ 1.7 GeV , which decay
mostly to the pipiN channel, initial values of transverse
amplitudes were taken from the previous analysis [31] of
2pi electroproduction data within initial version of the
JLAB-MSU model. The initial values of all longitudinal
amplitudes pS1/2 were taken from step 1. As the values of
pS1/2 for the resonances D13(1700) and P13(1720) found
in step 1 were compatible with 0, they were taken equal
to zero and kept unchanged in the fitting procedure.
Among the resonances listened in Table 1, there are
two strongly excited states in single-pion electroproduc-
tion which play an important role in the description
of the data: D13(1520) and F15(1685). The resonance
D13(1520) contributes almost half of the resonant cross
sections in the second resonance region and is responsi-
ble for correct description of angular dependencies of the
cross sections and polarized beam asymmetries in this
region. F15(1685) gives large contribution to the reso-
nant pi electroproduction cross section in the third reso-
nance region; its contribution is very important for the
description of angular dependencies in this region. These
resonances were also observed in pipiN channel with con-
siderable excitation strengths [31]. To study the sensitiv-
ity of photocouplings for the D13(1520) and F15(1685) to
single- and double-pion production data, we performed
two separate fits of the 2pi electroproduction data with
different ranges of sampling for N∗ photocouplings.
Initial values of helicity amplitudes were sampled ac-
cording to normal distribution. The variations σ were
taken equal to 30% for all states, except D13(1520),
F15(1685), and the pA1/2 amplitude for the P11(1440),
which was varied inside the range obtained in Ref. [8].
In the first fit (Fit A), the photocouplings of D13(1520)
and F15(1685) were varied inside uncertainties obtained
at step 1. So in this fit, we assumed that the D13(1520),
F15(1685) photocouplings were driven by single-pion elec-
troproduction. The second fit (Fit B) was performed
by varying these photocouplings with σ equal to 30 %.
The amplitudes of the exchange diagrams shown in Fig.
2 were varied in both fits within 20%, applying W-
independent multiplicative factors for each mechanism.
The range of calculated differential cross sections over-
lapped entirely the measured cross sections, showing that
actual values of N∗ photocouplings are inside intervals
adopted for the photocoupling variations. For each set
of N∗ photocouplings, the value of χ2 was estimated.
Further, we have selected the sets of N∗ photocouplings,
corresponding to values of χ2, when deviation between
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FIG. 3: Description of CLAS data [10] on total double charged pion electroproduction cross sections with N∗ photocouplings
taken from step 1. Solid lines corresponds to the closest to the data calculated cross sections.
calculated cross sections and the data were inside the
uncertainties of the measurements. This minimization
procedure for Fit A finally left us with 16 sets of N∗
photocouplings with 2.81 < χ2/(data point) < 3. All
these photocouplings allowed us to get good description
of 2pi electroproduction data. A similar minimization
procedure for Fit B gave us additional 6 sets of N∗ pho-
tocouplings with 2.83 < χ2/(data point) < 2.95. So Fit
B did not allow us to improve the description for the 2pi
electroproduction data set with respect to Fit A, where
D13(1520) and F15(1685) photocouplings were driven by
the data on single-pion electroproduction.
The sets of N∗ photocouplings selected in Fit A and
Fit B were averaged. Mean values were assigned to
the extracted N∗ photocouplings, while dispersions were
treated as the photocoupling uncertainties. The obtained
amplitudes are presented in Table 2 as ”2pi analysis (step
2)” results. The ranges of photocouplings were evaluated
not from the global minimum for χ2, but by applying
restriction χ2/(data point) < 3. In this way we have
achieved more realistic accounting of the influence of data
uncertainties on the extracted N∗ photocouplings. We
also took into account the possibility of having multiple
compatible descriptions of the data with close χ2.
As seen from Table 2, for the resonances with con-
siderable decay rates to the piN final state (P11(1440),
D13(1520), S11(1650), F15(1680)), as well as for
D33(1700), which decays mostly to pipiN , the photocou-
plings extracted in the analyses of single- and double-pion
electroproduction data are compatible within errors and
the uncertainty of the P11(1440) pA1/2 amplitude extrac-
tion from pi electroproduction.
For the resonances S31(1620), D13(1700), and
P13(1720) with considerable decay rates to the pipiN fi-
nal state, the photocouplings extracted in analyses of
single- and double-pion electroproduction data are dif-
ferent. To understand the importance of this differ-
ence for the description of 2pi electroproduction data, we
tried to fit these data using N∗ photocouplings sampled
within the ranges determined from single-pion data anal-
ysis. We selected 3 solutions with smallest χ2: χ2/(data
point) = 3.4-3.9. These values of χ2 are significantly
larger than those obtained in unconstrained analysis of
2pi electroproduction data. The 2pi electroproduction to-
tal cross sections corresponding to 3 selected solutions
are shown in comparison with the data in Fig. 3. It
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FIG. 4: Description of CLAS 2pi electroproduction data [10] on pi− angular distributions at W=1.71 GeV, Q2=0.65 (GeV/c)2.
Left: closest to the data cross sections calculated with N∗ photocouplings obtained in ”1pi analysis”. Right: cross sections with
N∗ photocouplings found in ”2pi analysis”.
can be seen that there is an excess in the calculated
cross sections at W between 1.56 and 1.7 GeV, which
suggests that the values of the S31(1620) photocouplings
derived from single-pion electroproduction are overesti-
mated. The reduction of the photoexcitation strength for
this state to the value derived from the fit in the pipiN
channel is vital to reproduce double pion electroproduc-
tion data at W = 1.56− 1.7 GeV . As for the D13(1700)
and P13(1720) photocouplings, if we would restrict their
values by the ranges obtained in pi electroproduction data
analysis, we would fail to reproduce pi− angular distribu-
tions in the backward hemisphere as is shown in Fig. 4.
On the left part of this plot we compare the data with
the cross sections calculated using 3 sets of N∗ photo-
couplings taken from the results of the single-pion data
analysis. Unrestricted fit of 2pi electroproduction data al-
lows us to reproduce very well the angular distributions
at W around 1.7 GeV, as is shown in the right part of
Fig. 4.
C. Step 3
At this stage of the analysis we have finally found the
ranges of the γ∗p→ N∗+ helicity amplitudes which allow
us to obtain a good description of electroproduction data
in both piN and pipiN channels. First, for each of 16 sets
ofN∗ photocouplings found at Fit A of the previous step,
we have estimated the value of χ2 for single-pion electro-
production from comparison between measured and cal-
culated observables. It turned out that there are 3 sets
of helicity amplitudes that give the smallest values of χ2
simultaneously in single- and double-pion electroproduc-
tion. For these sets, we had χ2/(data point)≃ 1.24 in
the piN channel, and χ2/(data point)≃ 2.85 in the pipiN
channel.
The values of χ2/(data point) estimated for single-pion
production with 6 sets of N∗ photocouplings found in
Fit B were significantly larger than in Fit A: χ2/(data
point)> 1.31, So only the sets of N∗ photocouplings
found in Fit A, where we restricted the variation of the
D13(1520), F15(1680) photocouplings by the ranges de-
termined from pi electroproduction data, allow us to get
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FIG. 5: Differential cross section for γ∗p → pi0p at W =
1.52 GeV . The data are from CLAS [12]. Open and solid
circles correspond to measurements with Ee = 1.645 and
2.445 GeV , respectively. The curves correspond to the sets of
the γ∗p→ N∗+ helicity amplitudes obtained in the final step
of our analysis (step 3).
good description of both single- and double-pion electro-
production observables.
To determine the ranges of γ∗N → N∗ helicity am-
plitudes corresponding to the best description of pi and
2pi electroproduction data combined, we have repeated
fitting both exclusive channels by applying photocou-
pling variations around the mean values for 3 selected
sets of N∗ photocouplings. Parameters σ in normal
distributions were set at the dispersions equal to the
ranges of 3 selected values of photocouplings for each
resonance except S31(1620), D13(1700), D33(1700), and
P13(1720). As the photocouplings for these states are
strongly affected by the data from pipiN channel (Ta-
ble 2), their uncertainties in the variation procedure
were taken according to the results of ”2pi analysis (step
2)”. W-independent multiplicative factors for the Fig. 2
exchange mechanisms in double-pion electroproduction
were varied within 5% relative to the values obtained at
the previous step. The non-resonant contributions for pi
electroproduction were fixed at the values used in step 1.
The above described procedure for combined fit of piN
and pipiN channels was repeated. Finally, we selected 30
sets of N∗ photocouplings which provide simultaneously
good description of the data in both channels. Average
values and dispersions for selected sets of photocouplings
were attributed to the mean values and uncertainties for
N∗ photocouplings that were extracted in the combined
analysis. They are presented in Table 2 in the columns
corresponding to ”1pi − 2pi analysis”.
The quality of our description of single- and double-
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FIG. 7: The same as in Fig. 5 at W=1.68 GeV.
pion electroproduction data is demonstrated in Figs. 5-
12 where we present the results corresponding to the se-
lected 30 sets of N∗ photocouplings in comparison with
experimental data. The results for the invariant mass
and angular distributions are presented in the centers
of the second and third resonance regions (Figs. 5-
8,10,11). The data for polarized beam asymmetry in pi0
and pi+ electroproduction [14, 15] extend from threshold
to W = 1.58 GeV , with bins equal to 0.04 GeV . In Fig.
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FIG. 8: Differential cross section for γ∗p → pi+n at W =
1.685 GeV . The data are from DESY [20]. The curves cor-
responds to the sets of the γ∗p → N∗+ helicity amplitudes
obtained in the final step of our analysis (step 3).
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FIG. 9: Structure function σLT ′ for γ
∗p → pi0p and γ∗p →
pi+n. The data are from CLAS [14, 15]. The curves cor-
respond to the sets of the γ∗p → N∗+ helicity amplitudes
selected in the final step of our analysis (step 3).
9, we present the results for this observable at the en-
ergies, which are characteristic for the second resonance
region; the results are presented in the form of the struc-
ture function σLT ′ . We have also presented the energy
dependence of the 2pi electroproduction total cross sec-
tion (Fig. 12). From Figs. 5-12 it can be seen that the
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FIG. 10: pi+p, pi−p, pi+pi− invariant mass and c.m.s. pi− an-
gular distributions in 2pi electroproduction at W=1.54 GeV.
The data are from CLAS [10]. The curves correspond to the
sets of the γ∗p → N∗+ helicity amplitudes obtained in the
final step of our analysis (step 3).
calculations made with the 30 selected sets of N∗ pho-
tocouplings are in good agreement with the data. The
calculated curves are inside the data uncertainties, except
for a few data points.
As it follows from Table 2, the results obtained in the
final step of our analysis for the photocouplings of the
resonancesD13(1520), S11(1650), and F15(1685) coincide
within errors with those obtained separately in the anal-
yses of single- and double-pion electroproduction data.
The errors of these photocouplings obtained in combined
analysis are considerably lower than those found in ”2pi
analysis”, while comparable with ”1pi analysis” errors.
Therefore, single-pion electroproduction data consider-
ably affect the results on photocouplings for low-lying
states with masses below 1.7 GeV and sizable decay rates
to the piN final state. As for the pA1/2 P11(1440) ampli-
tude, pi electroproduction data have small sensitivity to
its change from the value obtained in the step 1 to one
found in the final step. As it follows from the results
of the final step of our analysis, the small error bar for
this amplitude, derived in step 1, is related just to the
way of evaluation of uncertainties in pi electroproduction
data fit, when only global minimum of χ2 was taken into
account.
For the resonances with major decay rates to the 2piN
channel (S31(1620), D13(1700), D33(1700), P13(1720)),
the photocouplings obtained in combined analysis coin-
cide within the errors with the results of ”2pi analysis”.
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FIG. 11: The same as in Fig. 10 at W=1.69 GeV.
However, the combined analysis allowed us to consid-
erably reduce the uncertainties of these photocouplings
compared with those derived in the analysis of two-pion
electroproduction data only. The results of the com-
bined analysis for S31(1620), D13(1700), D33(1700), and
P13(1720) are mostly different from those of ”1pi anal-
ysis”. Nevertheless, as it can be seen from Figs. 5-9,
the photocouplings for these states obtained in combined
analysis allow us to describe single-pion electroproduc-
tion data.
In Table 3, we compare our results for the transverse
photocouplings of the resonances from the [70, 1−] multi-
plet with the predictions of single quark transition model
(SQTM) [32]. This approach is based on the assumptions
that SU(6)
⊗
O(3) symmetry holds for the leading part
of confinement forces and only a single quark is affected
in the electroexcitation of the N∗. For the states assigned
to the same SU(6)
⊗
O(3) multiplet, this approximation
allows us to relate transverse N∗ photocouplings to lim-
ited number of parameters, which are three in the case
of the [70, 1−] multiplet. In Ref. [32], these parameters
were found from the experimental data on the S11(1535)
and D13(1520) photocouplings, and the predictions were
made for the transverse photocouplings of all other states
assigned to [70, 1−].
As it can be seen, the photocouplings for all states from
[70, 1−] obtained in our analysis, exceptD13(1700), are in
good agreement with SQTM predictions. SQTM results
for D13(1700) were obtained using mixing angle ≃ 6
o be-
tween |N2, 3
2
−
> and |N4, 3
2
−
> configurations found in
the analysis of D13(1700) hadronic decays [27]. Accuracy
of these data still remains poor. One can get reasonable
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FIG. 12: Total cross section for 2pi electroproduction. The
curves corresponds to the sets of the γ∗p → N∗+ helicity
amplitudes obtained in the final step of our analysis (step 3).
SQTM reproduction of our results for D13(1700), if in-
stead of 6o, a mixing angle ≃ 20o is used. Good over-
all agreement of our results for the N∗ photocouplings
with SQTM predictions strongly supports the compli-
cated dynamics of N∗ formation and electroexcitation
is determined mostly by the SU(6)
⊗
O(3) spin-flavor-
space symmetry, and only a single quark is affected in
the electroexcitation of the N∗.
IV. CONCLUSION
Recent CLAS and world data on single- and double-
charged pion electroproduction off protons are success-
fully described in the second and third resonance regions
using common values of N∗ photocouplings. The analy-
sis was carried out using isobar models of Refs. [8, 21]
and [24, 25, 26] for single- and double-pion electroproduc-
tion, respectively. The non-resonant mechanisms in these
exclusive channels are completely different. Therefore, a
successful description of piN and pipiN channels combined
strongly suggests that: a) we achieved reasonable treat-
ment of non-resonant mechanisms; b) a phenomenologi-
cal separation between N∗ and background contributions
made according to isobar models [8, 21] and [24, 25, 26]
is reliable in both channels; and (c) extracted N∗ photo-
couplings, which provide good description of all measured
observables in these channels, have considerably reduced
model uncertainties.
From our combined analysis, the γ∗p → N∗+ helicity
10
N∗ M M˜ Γ Γ˜ βpiN β˜piN βpi∆+ρN β˜pi∆+ρN
(MeV ) (MeV ) (MeV ) (MeV ) (%) (%) (%) (%)
P11(1440) 1430− 1470 1440 250− 450 350 60− 70 60 20− 30 25
D13(1520) 1515− 1530 1520 110− 135 120 50− 60 50 30− 50 33
S31(1620) 1615− 1675 1620 120− 180 150 20− 30 25 70− 80 75
S11(1650) 1640− 1680 1650 145− 190 150 55− 90 70 5− 19 5
F15(1680) 1675− 1690 1680 120− 140 130 60− 70 65 8− 30 17
D33(1700) 1670− 1770 1700 200− 400 300 10− 20 15 80− 90 85
D13(1700) 1650− 1750 1700 50− 150 100 5− 15 10 85− 95 90
P13(1720) 1650− 1750 1720 100− 200 150 10− 20 15 > 70 85
TABLE I: List of masses, widths and branching ratios of the investigated resonances. The quoted ranges are taken from RPP
[29]. The quantities labeled by tildes correspond to the values used in our analysis.
amplitudes are extracted for the resonances P11(1440),
D13(1520), S31(1620), S11(1650), F15(1680), D33(1700),
D13(1700), and P13(1720).
Our results for the transverse photocouplings of the
resonances from the [70, 1−] SU(6)
⊗
O(3) multiplet are
in good agreement with the predictions of the single
quark transition model [32]. Thus, we have strong ev-
idence for SU(6) as a leading symmetry of confinement
forces and single-quark transitions as dominant mecha-
nism in N∗ excitation by photons.
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